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Abstract 
An object of this study is to assess ductile fracture criteria for compressively pre-strained material with digital image correlation
(DIC) technique and to validate the criteria by performing finite element analyses (FEA). Uniaxial tension tests, uniaxial
compression tests and tensile tests after pre-compression followed by reversed-tension were conducted with round bar and 
cylindrical specimens of A2024-T351 aluminum alloy. The radii of the minimum sections of the specimens at ductile crack 
initiation were measured with DIC technique in those tests. Stress triaxiality and equivalent plastic strain were obtained by 
substituting the radii into the Bridgman’s equations. The relationship between the stress triaxiality and equivalent plastic strain 
under no pre-strain was evaluated using the Bao and Wierzbicki criteria. The fracture strain under compressive pre-strain was 
less than that of a material without compressive pre-strain. FEA implemented with the criteria was performed. The analytical
results agree well with the experimental results of reversed tensile tests after compressive pre-strain. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
In seismic loading condition, ductile fracture can occur under subsequent tensile loading after large compressive 
pre-strain when, for example, buckling or large plastic deformation is revealed to structures. Structural integrity
assessments of large structures including ductile cracks are necessary to insure the safety and reliability of the 
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structures. In order to evaluate structural integrity, it is necessary to assess the fracture limit of the structures in 
experiments. However, since a measurement range of a strain gauge was typically smaller than 10 %, it was difficult 
to measure the large strain near crack tips where ductile fracture occurs. Moreover, because of plastic deformation 
of the gauge, when loading in tension after a large compressive load, the strain gauge was not available to measure 
the ductile fracture strain correctly. 
By using digital image correlation (DIC) technique which can measure three-dimensional large strain, ductile 
fracture strain would be measured to construct a ductile fracture limit curve. In this research, uniaxial tensile tests, 
uniaxial compression tests and tensile tests after pre-compression were carried out with round bar and cylindrical 
specimens. Three-dimensional displacement and strain of the specimens were measured, and the data of the ductile 
fracture limit was obtained. 
Finite element implementation with the determined criteria assessed with DIC technique has been constructed in 
Abaqus/Standard finite element code. The constructed ductility damage law has been validated by comparing the 
experimental results with the analytical results. 
2. Experiments 
2.1. Specimens 
The material used was A2024-T351 aluminum alloy. The mechanical properties of A2024-T351 are shown in 
Table 1. The shapes and dimensions of the specimens are shown in Fig.1. 
Three kinds of the tests mentioned later were carried out. The load, F , and cross-head displacement, G , of the 
test facility were recorded. Three-dimensional displacement and strain were measured using DIC technique. 
 
Table 1 Mechanical properties of A2024-T351 used. 
Yield strength (MPa) Tensile strength (MPa) Elongation (%) Reduction of area (%) Young’s modulus (GPa) 
349 443 21.2 31.9 71.8 
 
 
Fig. 1. Shapes and dimensions of the specimens used: (a) smooth specimen; (b) circumferential notch specimen with the radius R10, (c) R5, (d) 
R2; (e) cylindrical specimen with the ratio of the diameter to the height D/H0.75, (f) D/H1.00, (g) D/H1.25; (h) circumferential notch specimen 
with the radius R5. The diameter at the minimum section of all the specimens is ϕ6 (unit: mm). 
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2.2. Experimental procedures 
The smooth and notched specimens as shown in Fig. 1 (a) and Fig. 1 (b) ~ (d) were used for the uniaxial tensile 
tests respectively. The notch radii, R , of the specimens were varied as 10 mm, 5 mm, and 2 mm. A region of 50 
mm from the edge of specimens was gripped and pulled until the ductile fracture of the specimens occurred. The 
specimens used for the uniaxial compression tests are shown in Fig. 1 (e) ~ (g). The ratio of the diameter D  to the 
height H , HD / , is varied as 0.75, 1.00, and 1.25. The specimens used for the tensile tests after pre-compression 
are shown in Fig. 1 (h). The parallel portion of 60 mm from the end of the specimens was gripped. Each specimen 
was loaded up to final compressive displacement as 1 mm, 2 mm, or 3 mm. After this compressive loading the 
specimen was reloaded in subsequent tension and the specimen was continuously loaded to fracture. 
3. The ductile fracture criteria 
To determine the ductile fracture criteria, the ductility limit curve was constructed based on the result of the 
uniaxial tensile tests and uniaxial compressive tests. This curve shows the relationship between the equivalent 
plastic strain at ductile crack initiation, fpH , and the stress triaxiality, em VV , where mV  and eV  are the mean 
stress and equivalent stress respectively. 
3.1. Triaxial tensile stress state 
In the case of round bar tensile specimens, the relationship between fpH  and em VV  was determined using the 
following equations, referring to Bridgman (1952), 
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where 0a  was the initial specimen section radius before the tests. ca  was the radius at the maximum compressive 
loading state. The values of these radii were obtained with DIC technique as depicted in Fig. 2. If a load-
displacement curve is recorded, after the maximum load condition, a kinked point on this curve can be detected. 
According to Shimanuki (1999), it was found that this point would appear at large-scale coalescence of voids. 
Enami (2002) have shown that this point corresponds to ductile fracture. According to Bao (2004), the expression of 
relationship between fpH  and em VV  under high triaxial stress was given by the following equation, 
 
Fig. 2. (a) Schematic illustrations for measuring radii with DIC technique at ductile crack initiation of a round tensile test specimen; (b) the three-
dimensional figure of the specimen R10 obtained with DIC technique. 
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The least-squares method was used to determine the constant, C , in Eq. (3), fitted into the experimental data. The 
determined value of C  is 0.120. The relationship between fpH  and em VV  which assigned this value to Eq. (3) 
was used in finite element analyses (FEA) in the range of em VV  as 0.381 dd em VV 0.905. 
3.2. Compressive stress state 
In order to reflect the influence of compressive pre-strain on FEA, the ductility limit curve was also constructed 
in the compressive stress state region using the uniaxial compressive test data. In these tests, it has been considered 
that they are in a uniaxial stress state, and are referred to em VV =0.333. The relationship between the load and 
true strain of the center of the specimen surface measured with DIC technique is shown in Fig. 3. When the true 
strain at ductile crack initiation ftH  of the specimen HD / =1.00 was 0.451. Therefore, with taking into account a 
uniaxial stress state, fpH  can be assessed as the following equation, 
  ftftfeftfp EVHHHH   .   (4) 
By substituting the true stress of tV =759 MPa at ductile fracture and Young's modulus E  into Eq. (4), fpH  was 
obtained as 0.440. 
The constructed ductility limit curve is shown in Fig. 4. The equivalent plastic strain at ductile crack initiation 
under compressive pre-strain was less than that of the material under no pre-strain. The stress triaxiality under 3 mm 
pre-compression was the largest because of the expansion of the minimum section of the specimen. 
4. Analyses 
Half of each specimen used for the uniaxial tensile tests and the tensile tests after pre-compression was modeled 
because of the symmetry. The nodes located on the symmetry line were restrained, and the enforced displacement 
was applied to the nodes on the end of the specimen. All specimens were modeled with axisymmetric quadrilateral 
solid elements. The grip regions of them were not modeled. 
 
 
Fig. 3. (a) The load-strain curves of the uniaxial compressive tests; (b) the axial true strain contours of the specimen D/H1.00 at ductile crack 
initiation obtained with DIC technique. 
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Fig. 4. The ductility limit curve. “No pre-strain” means the experimental results of the uniaxial tension tests. “Pre-strain” means the experimental 
results of the tensile tests after pre-compression. “Bao (2004)” means the ductile fracture limit curve proposed by Bao (2004). “Fracture limit 
curve” means the constructed ductile fracture criteria. 
To simulate the ductile fracture tests shown in the previous section, nonlinear elastic-plastic FEA were performed 
with the assumption of isotropic hardening material model. In FEA, two elastic constants are Young's modulus E  
and Poisson's ratio Q . The former is shown in Table 1, and the latter is 0.3. 
Swift type true stress-true plastic strain, pH , relationship was assumed which was determined by the uniaxial 
tensile test regularized in JIS Z 2241 using a smooth round bar specimen by the following equation, 
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where the yield strength, 0yV , was 351 MPa. D  and n  were material constants. The values of D =0.0318 and n
=0.222 were identified in accordance with two points in tV - pH  curve. The one is the necking point and the other is 
the half of the uniform elongation point. 
The relationship between the load and displacement of the uniaxial tensile tests is shown in Fig. 5. Figure 6 
shows the load-strain curves of the tensile tests after pre-compression. 
 
Fig. 5. The load-displacement curve of the uniaxial tensile tests. "Test" means the experimental results of the load and the stroke displacement of 
the testing machine. "FEA" means the analytical results: (a) in the small displacement region; (b) in the large displacement region. 
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Fig. 6. (a) The load-strain curves of the tensile tests after compressive pre-strain. "DIC" and "FEA" mean the experimental and analytical results 
respectively; (b) the axial true strain contours of the specimen obtained with DIC technique when final compressive displacement is 3 mm. 
5. Discussion and conclusion 
According to Fig. 5, the kinked points assessed with FEA have a good agreement with those of experimental 
results. Each load is suddenly dropped to zero after kinked points in experiments, on the other hand, the load 
declines gradually in analytical results. According to JSMS (2005), in a high tensile aluminum alloy, coalescence of 
voids occurs in early elongation, the ductility may be small and unstable fracture may happen. Therefore, without 
taking into account these material characteristics in the analytical procedures, the curves are different between FEA 
and experiments after kinked points. However, measuring the stress triaxiality and equivalent plastic strain at ductile 
initiation with DIC technique, good agreement can be found in fracture displacement at ductile crack initiation. 
According to Fig. 6, constructing the ductility limit curve at the compressive region, the analytical result under 3 
mm pre-compressive displacement agrees well with the experimental result. On the other hand, the fracture strains 
in the analytical results under 1 mm and 2 mm pre-compressive displacements are somewhat larger about 0.08 in tH  
than those in the experimental results. This difference may be attributed to underestimate the damage evolution 
during compressive load. The ductile fracture criteria in this study don’t include the experimental value of the 
equivalent plastic strain at ductile initiation when the stress triaxiality is zero. The linear interpolation has been 
assumed in zero stress triaxiality regions as shown in Fig.4. It seems that this value would be more important when 
damage under compression is relatively small. We will have to perform pure shear tests the same as the experiments 
performed by Bao (2004). Furthermore, the loads in the analytical result are larger than those in experimental results 
of the subsequent tensile loading after pre-compressive loading. Bauschinger effect can be seen in the reversed 
tensile loadings. According to Khan (1995), the presence of this effect greatly complicates the modeling of plastic 
deformation. Therefore a simplified model, called for the kinematic or combined hardening material model, is 
usually used to capture it. The additional kinematic hardening model to FEA will be beneficial to obtain more 
accurate simulation in reversed tensile loading. 
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